I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

As reported, lung cancer has the highest morbidity and mortality among all human malignancies.\[[@ref1]\] Cigarette smoke is an important contributor to the development of lung cancer.\[[@ref2]\] However, the cellular and molecular mechanisms underlying the malignant transformation processes in lung cancer are not entirely known at this time.\[[@ref3][@ref4][@ref5]\]

The hedgehog signaling system (HHS) is an embryonic cellular signaling pathway which transfers a signal to the proper target cells to trigger the transformation of cells.\[[@ref6]\] Hedgehog (HH) signaling consists of extracellular ligand proteins, including sonic HH (SHH), desert HH, Indian HH, transmembrane receptors (patched \[Ptch1 and Ptch2\] and smoothened \[SMO\]), nuclear transcription factors (glioma-associated oncogene homolog \[GLI-1, GLI-2, and GLI-3\]), and downstream target genes (vascular endothelial growth factor and matrix metalloproteinases).\[[@ref7][@ref8]\] The binding of Ptch1 to SHH relives the inhibitory effect on SMO, allowing it to activate the putative serine-threonine kinase Fused (Fu) and leading to the entry and integration of GLI-1 into the nucleus for target gene activation.\[[@ref9]\] This signaling pathway also participates in many pathological processes in adults, such as oncogenesis.\[[@ref10]\] The advent of molecular targeted therapies and molecular biology has renewed interest in the roles of the HHS in the development and metastasis of cancer.\[[@ref6][@ref7][@ref8][@ref11]\] However, little is known about the involvement of the HHS in the malignant transformation and tumorigenesis of human lung epithelial cells. For this reason, there is a need for an acceptable and validated *in vitro* model of smoke-induced lung cancer, as it would provide valuable insight into the mechanisms, diagnosis, prevention, and therapy of lung cancer.\[[@ref12][@ref13][@ref14]\] The aim of this study was to detect the function of HH signaling during the process of cigarette smoke extract (CSE)-induced malignant transformation of 16HBE cells using a microfluidic chip detection platform. Chip A contained a concentration gradient generator (CGG) used to determine the optimal concentration of CSE, and microfluidic Chip B was used to assess the effects of long-term CSE stimulation on the transformation of 16HBE cells.

The microfluidic chip comes from one of the biomicrochip technologies. Microfluidic chips display consistent reaction conditions and synchronous multipoint detection, providing rapid and cost-effective results. The use of microfluidic chips for screening target chemical gradients is more efficient, economical, and convenient than traditional techniques. Microfluidic chips can be used in microbiological sample preparation, purification, and molecular biological detection.\[[@ref15][@ref16]\] They can also be used to provide the continuous flow of fresh nutrients for cultured cells.\[[@ref17][@ref18]\] At the same time, microfluidic chips may be used for high-throughput screening, which plays an important role in the field of drug discovery, single-cell analysis, and cell signaling pathway transduction. Microfluidic chips have significantly impacted the field of biomedicine.

This study aimed to detect the role of the HHS in the process of malignant transformation in human bronchial epithelial (16HBE) cells. After screening for the optimal CSE concentration, we established and examined the *in vitro* model of lung inflammatory-cancer transformation using microfluidic chips and performed tumorigenesis testing in nude mice. The investigation would demonstrate the activity of the HHS in CSE-induced malignant transformation of human lung epithelial cells, which might provide measures of intervention.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Ethical approval {#sec2-1}
----------------

Animal experimental procedures were reviewed and approved by the Animal Experimental Ethics Committee of Dalian Medical University (Liaoning, China).

Animals {#sec2-2}
-------

A total of 20 specific-pathogen-free (SPF) grade 28-day-old BALB/c-nu/nu mice were provided by the SPF Experimental Animal Center of Dalian Medical University, and all procedures were performed in a special laboratory for nude mice. At the end of the experiment, the mice were sacrificed by 10% chloral hydrate at 3.5 ml/kg weight, and the tumor was excised and stored in 4% formaldehyde.

Cigarette smoke extract-containing medium preparation {#sec2-3}
-----------------------------------------------------

The smoke from two research grade cigarettes (University of Kentucky, KY, USA) was passed through serum-free RPMI-1640 medium in to a 50 ml conical tube and sterilized by filtrating through a 0.22 μm pore filter (Merck Millipore, Tullagreen, Carrigtwohill, Republic of Ireland) to obtain the CSE stock solutions \[[Figure 1](#F1){ref-type="fig"}\]. The pH of the solutions was adjusted to 7.4, and an optical density of 0.43 ± 0.02 at 320 nm was defined as 100% CSE, using the 721 spectrometer (Changsha Qlong Instruments Co., Hunan, China). The freshly prepared CSE was used immediately.

![Device for preparation of CSE-containing medium. CSE-containing medium was prepared by passing the smoke from two research grade cigarettes through 50 ml of serum-free RPMI-1640 medium, followed by filtration through a 0.22-μm pore filter. CSE: Cigarette smoke extract.](CMJ-131-1191-g001){#F1}

Establishment of the microfluidic chip detection platforms {#sec2-4}
----------------------------------------------------------

Briefly, the corresponding polydimethylsiloxane (PDMS) microfluidic chips were fabricated using the Sylgard 184 kit (DowCorning, Midland, TX, USA) with the standard soft lithography strategy. They were glued to glass slides that were pretreated with oxygen plasma (19.95 Pa, 50 W, 25 s). The prepared chips were treated with dehydrated alcohol triplicately and washed with distilled water before being autoclaved at 120°C and 103.4 kPa for 30 min.

Two types of microfluidic chips were manufactured for this study. Chip A was used to determine the optimal concentration of CSE for cell stimulation, while chip B was used for the long-term stimulation of cultured cells using the optimal concentration of CSE.\[[@ref19]\] Chip A contained a CGG module as described previously,\[[@ref20][@ref21]\] which consisted of six main channels and 18 cell chambers (diameter 2 mm and height 100 μm) \[[Figure 2](#F2){ref-type="fig"}\]. The CGG module included five cascaded-mixing stages. After the incorporation of the CGG module, microfluidic chip A could generate a concentration gradient of CSE (theoretical proportion 0:1:3:5:7:9) by controlling channel length and adjusting the flow rate of two merging solutions, as previously reported.\[[@ref14]\]

![Structure of microfluidic chip A for screening CSE concentrations. Chip A was used to determine the optimal CSE concentration with (left) the general structure shown and (right) the actual chip (size 6 cm × 6 cm). The cells were cultured in the 18 cell chambers with CSE-containing culture medium added through the medium inlet. The medium was continuously exchanged with the fresh medium through a pump. CSE: Cigarette smoke extract; CGG: Concentration gradient generator.](CMJ-131-1191-g002){#F2}

Microfluidic chip B was designed to assess the effects of long-term CSE stimulation on cultured cells. It consisted of four cell chambers (length 2.0 mm, width 1 mm, and height 100 μm) and one central channel (length 15 mm, width 0.8 mm, and height 100 μm) \[[Figure 3](#F3){ref-type="fig"}\]. There were 20 traffic channels (width 30 μm and height 100 μm) between each cell chamber and the one central channel.

![Structure of microfluidic chip B for assessing the malignant transformation of cells. Chip B was used to assess the long-term stimulation of cells using the optimal concentration of CSE. The general structure of chip B shows the central channel and four cell chambers (left), while depicts an actual picture of chip B (right; size 4.5 cm × 1.5 cm). CSE: Cigarette smoke extract.](CMJ-131-1191-g003){#F3}

Cell culture and intervention {#sec2-5}
-----------------------------

A total of 1 × 10^6^ 16HBE cells/ml in complete medium (RPMI-1640 + 10% fetal bovine serum) were injected into the cell culture chambers through No. 1--6 inlets of chip A by a syringe pump with a constant flow rate of 8 μl/min for 10 s. The waste medium was aspirated from the outlet. After 2 h, the attached cells were supplied with the normal medium at a constant rate of 6 μl/min by a syringe pump, until 80% confluency was reached. The normal medium and CSE stock solutions were supplied into the channels by a syringe pump through the inlets. After treatment with or without CSE for 48 h, the cells were stained with 1 μg/ml Hoechst 33342 (Sigma Aldrich, MO, USA) for 30 min. Next, the cells were washed twice with phosphate-buffered saline (3 min each) and examined under a fluorescent microscope (Olympus IX71, Japan, magnification, ×200) using the 350 nm excitation wavelength and 461 nm emission wavelength. The optimal CSE concentration was defined as the highest possible concentration that did not inhibit cell growth (\>80% cell viability).

For chip B, a total of 1 × 10^6^ cells/ml 16HBE cells were injected into the cell culture chambers through No. 1--4 inlets of chip B by a syringe pump with a constant flow rate of 8 μl/min for 10 s. The waste liquid was aspirated from the outlet. After 2 h, the attached cells were supplied with the normal medium through the central channel at a constant rate of 6 μl/min by a syringe pump until 80% confluency was reached. Next, the chips with the cells were stimulated respectively with 12.25% CSE (Group A), 12.25% CSE + 5 μmol/L cyclopamine (LC Laboratories, MA, USA; Group B), or normal complete medium as control for 8 months of treatment (Group C). The cells were detached with 0.05% trypsin for 3 min. Cells from the 15^th^, 25^th^, 35^th^, and 45^th^ generation were collected and stored in liquid nitrogen. Samples from each collected generation were examined for changes in cell morphology by microscopy \[[Figure 4](#F4){ref-type="fig"}\] and protein expression by Western blot.

![Changes in cellular morphology in CSE-induced 16HBE cells. The morphological changes were observed under an inverted microscope (original magnification ×200) in the 16HBE cells stimulated with (a--d) 12.25% CSE or (e--h) 12.25% CSE + 5 μmol/L cyclopamine at the indicated generation. In the 45^th^ generation of the 12.25% CSE-treated group, tumor-like cells were observed. The tumor-like cells were not found in the 12.25% CSE + 5 μmol/L cyclopamine group or the control group (i). CSE: Cigarette smoke extract.](CMJ-131-1191-g004){#F4}

Tumorigenicity assay of the differentiated cells cultured in the chips in nude mice {#sec2-6}
-----------------------------------------------------------------------------------

A total of 5 × 10^6^ cells/mouse (0.1 ml, 5 × 10^7^ cells/ml) of the 45^th^ generation cells, with significant morphology changes after CSE stimulation, were subcutaneously implanted in the postmedian axillary fossa of 20 athymic nude mice (Group 1). The inoculation process was performed in an ultra-clean cabinet. Half of the mice were injected with 5 μl/week cyclopamine (5 μmol/L) in the original injection site 1 week after inoculation (Group 2). Tumor size was measured weekly until the diameter reached 1 cm. After about 40 days, the tumors were excised for pathological examination.

Statistical analysis {#sec2-7}
--------------------

Data were expressed as the mean ± standard deviation (SD). The *t*-test was used for paired-samples, and the difference among groups was tested by the one-way analysis of variance (ANOVA) using SPSS 19.0 (SPSS Inc., Chicago, IL, USA).A value of *P* \< 0.05 was considered statistically significant.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Optimal cigarette smoke extract concentration for 16HBE cellular transformation in chip A {#sec2-8}
-----------------------------------------------------------------------------------------

In this study, two microfluidic chips were designed for investigating CSE-induced malignant transformation in the 16HBE cells. Chip A was used to determine the optimal concentration of CSE for cell stimulation, while chip B was used for the long-term stimulation of cultured cells using the optimal concentration of CSE. After treatment with or without CSE for 48 h in chip A, the 16HBE cells were stained with Hoechst 33342 to examine the cellular apoptotic rate under a fluorescent microscope. The results showed that CSE-induced 16HBE cell apoptosis was dose dependent, with lower doses (\<12.28%) corresponding to higher cell survival (\>80% cell viability) \[[Figure 5](#F5){ref-type="fig"}\]. These data suggested that the optimal concentration of CSE was 12.25%, which was then used in chip B to investigate malignant transformation in 16HBE cells with long-term CSE stimulation.

![Different concentrations of CSE-induced 16HBE cell apoptosis (original magnification ×200). 16HBE cells were pretreated with (a) 91.88%, (b) 46.79%, (c) 19.86%, (d) 12.28%, (e) 2.37%, or (f) 0% CSE. After exposure to CSE, cell viability was assessed by an apoptosis assay. The blue stain indicated apoptotic cells, and the apoptosis rate was calculated by dividing the number of dead cells by the total number of cells. All experiments were performed in triplicate. CSE: Cigarette smoke extract.](CMJ-131-1191-g005){#F5}

16HBE cell malignant transformation induced by cigarette smoke extract on a microfluidic chip {#sec2-9}
---------------------------------------------------------------------------------------------

During the stimulation with 12.25% CSE in chip B, an inverted microscope was used to monitor changes in cellular morphology intermittently to identify the transformed tumor cells. From the 15^th^ generation, the cells were harvested once and preserved in liquid nitrogen every 10 generations until the 45^th^ generation, at which time the cellular morphology had changed significantly \[Figure [4a](#F4){ref-type="fig"}--[d](#F4){ref-type="fig"}\]. After stimulation with 12.25% CSE for 15 weeks, some cells displayed condensed nuclei and abnormal nuclear--cytoplasmic ratios, accompanied by atypical mitoses. As CSE exposure was prolonged, the abnormal cells increase accompanied by a loss of contact inhibition. Interestingly, these alterations were not apparent in the cells treated with cyclopamine. There were no morphological changes shown in the control cells after CSE induction. These results indicated that after the 45^th^ generation, significant morphology changes were observed in the 16HBE cells; however, cyclopamine prohibited these changes \[Figure [4e](#F4){ref-type="fig"}-[h](#F4){ref-type="fig"}\].

Alterations of the hedgehog signaling proteins during the malignant transformation of cells {#sec2-10}
-------------------------------------------------------------------------------------------

To investigate the effect of HH signaling in the CSE-induced transformation of 16HBE cells, the expression of GLI-1 and SMO was analyzed in the CSE-induced 16HBE cells by Western blot. Nontreated cells and 12.25% CSE + 5 μmol/L cyclopamine-treated cells served as controls. The results revealed that both GLI-1 and SMO expression were significantly increased in the CSE-stimulated group from the 15^th^ to 45^th^ generation when compared to the nontreated groups. In addition, the tendency increased with long durations of CSE (Group B vs. Group A, *F* = 7.65, *P* \< 0.05). In the meantime, the expression of GLI-1 and SMO, induced by CSE, was significantly prevented by the HHS inhibitor, cyclopamine (Group C vs. Group B, *F* = 6.47, *P* \< 0.05), even though they were still higher than those of the nontreated cells \[[Figure 6](#F6){ref-type="fig"}\]. Thus, the expression analysis of the HHS proteins verified that GLI-1 and SMO were upregulated by CSE stimulation, and cyclopamine treatment effectively decreased the CSE-induced upregulation of GLI-1 and SMO \[[Figure 7](#F7){ref-type="fig"}\], indicating that HH signaling is likely involved in the CSE-induced malignant transformation of 16HBE cells.

![GLI-1 and SMO expression in the transformed cells. GLI-1 and SMO expression in the CSE-induced transformed cells at the (a) 15^th^, (b) 25^th^, (c) 35^th^, and (d) 45^th^ generation was detected by Western blot. Nontreated (normal) and CSE + cycl-treated cells were used as controls. CSE: Cigarette smoke extract; Cycl: Cyclopamine; GLI: Glioma-associated oncogene homolog; SMO: Smoothened.](CMJ-131-1191-g006){#F6}

![The trends of GLI-1 and SMO expression in the CSE-induced transformed cells at the 15^th^, 25^th^, 35^th^, and 45^th^ generation. (a) Densitometric analysis of GLI-1 expression from the 15^th^ to 45^th^ generation in three independent assays. (b) Densitometric analysis of SMO expression from the 15^th^ to 45^th^ generation in three independent assays. The densitometric analyses were normalized to the corresponding β-actin. \**P* \< 0.01 vs. the controls. ^†^*P* \< 0.05 vs. the controls. CSE: Cigarette smoke extract; Cycl: Cyclopamine; SMO: Smoothened; GLI: Glioma-associated oncogene homolog.](CMJ-131-1191-g007){#F7}

Tumorigenicity of the cigarette smoke extract-induced differentiated cells by subcutaneous inoculation in nude mice {#sec2-11}
-------------------------------------------------------------------------------------------------------------------

To verify the properties of the CSE-induced transformed 16HBE cells, the 45^th^ generation CSE-treated cells were subcutaneously inoculated into athymic nude mice. Forty days later, the inoculated cells grew into a lump about 1.0 cm in diameter \[Figure [8a](#F8){ref-type="fig"} and [8b](#F8){ref-type="fig"}\]. The histochemical stain of the lump indicated that the cells were transformed with condensed nuclei, abnormal nuclear--cytoplasmic ratios, atypical mitoses, and other cancer-like characteristics. Notably, local injection with 5 μmol/L cyclopamine inhibited tumor growth (Group 2 vs. Group 1, *t* = 31.59, *P* \< 0.01). These data further verified that cyclopamine could significantly decrease the tumor growth in mice injected with transformed 16HBE cells \[Figure [8c](#F8){ref-type="fig"} and [8d](#F8){ref-type="fig"}\].

![Subcutaneous inoculation of CSE-induced malignant cells in nude mice and intervention. The 45^th^ generation of the CSE-treated (Group 1) and CSE + cyclopamine-treated cells (Group 2) was subcutaneously inoculated into athymic nude mice. (a and c) The cells formed a lump by 40 days postinoculation. (b and d) The structure of the inoculated cells from the CSE-treated and CSE + cyclopamine-treated cells (arrows) was shown by immunohistochemistry (original magnification ×200). CSE: Cigarette smoke extract.](CMJ-131-1191-g008){#F8}

Here, we reconfirmed the involvement of the HHS in cancer transformation using newly fabricated microfluidic chips *in vitro* and *in vivo*. Furthermore, we showed that cyclopamine significantly prevented the CSE-induced malignant transformation of 16HBE cells \[[Figure 8](#F8){ref-type="fig"}\].

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Cigarette smoke can result in human airway injury through acute inflammation and oxidative stress. The chronic inflammation caused by long-term smoke exposure may induce the transformation of normal bronchial epithelial (BE) cells to cancer cells. Schamberger *et al*.\[[@ref22]\] studied CSE-induced primary human bronchial epithelial cell (PHBEC) transformation and discovered that smoke exposure led to a decrease in the number of ciliated cells, while the number of Clara and goblet cells increased. Stinn *et al*.\[[@ref23]\] directly induced lung cancer in A/J mice using mainstream cigarette smoke. Therefore, it is believed that lung cancer and chronic obstructive pulmonary disease are smoking-related diseases, and that lung cancer is also a chronic inflammatory process.\[[@ref24][@ref25][@ref26][@ref27][@ref28][@ref29]\]

Since the discovery of the HH gene by Nüsslein-Volhard and Wieschaus in Drosophila in 1980,\[[@ref6]\] researchers have investigated the role of HH signaling in many types of cancer.\[[@ref30]\] Given the fact that HH signaling can regulate the differentiation of embryonic stem cells, it is also reasonable to suggest that HH signaling may play an important role in the mechanism of pulmonary inflammatory transformation.\[[@ref8]\] Therefore, this study uses CSE as a long-term stimulation factor, to promote the malignant transformation of PHBECs from inflammation. This allowed us to establish an inflammatory-cancer transformation cell model and achieve a dynamic study of the role of HH signaling in the inflammatory-cancer transformation *in vitro*. To do this, we first constructed a device for extracting and absorbing cigarette smoke, which could complete the extraction and aseptic filtration process of smoke in a short period of time. This allowed us to use the smoke extract daily to stimulate the BE cells.

Cell culture is normally performed using cell culture flasks with static growing conditions, which is different from the multifaceted environment found *in vivo*. The traditional cell culture model was abandoned in this study for the advanced microfluidic chip technology, which integrated high throughput and dynamic feeding. As a powerful technology, microfluidic chips can be used to create program-controlled microenvironments, making them widely applicable to the biomedical community. The microfluidic technology has been utilized in many research disciplines to study various biological processes, including controllable cytokine gradients for neural progenitor cell differentiation and three-dimensional cell cultures for assessing the differentiation of mouse embryonic carcinoma cells.\[[@ref31][@ref32]\] Nevertheless, few studies have employed the microfluidic system for investigating CSE-induced malignant transformation *in vitro*. Therefore, there is an urgent need for an *in vitro* model of lung disease using BE cells.\[[@ref33]\] Currently, there have been two commercially available models developed for normal human tracheal/BE (NHT/BE) cells, including EpiAirway^®^ by MatTek and MucilAir™ by Epithelix. NHT/BE cells in both systems are maintained at the air--liquid interface. Other *in vitro* models have been applied for tissue culture.\[[@ref33]\] The CSE-induced malignant transformation *in vitro* model, especially for HBEs, has seldom been reported. Here, we created a microfluidic chip system that has several advantages, including its simple operation, constant maintenance of conditions, and its low cost. Under the condition of simulating the cell microenvironment *in vivo*, the growth state of the cells was observed dynamically and the detection was completed in real time, suggesting that it has valuable commercial developmental potential. In this study, the liquid hydrodynamics principle was used in combination with the existing microfluidic chip technology from our laboratory.\[[@ref14]\] Using safe, nontoxic, and cost-effective PDMS, chip A was created with a CGG capable of generating six different concentrations of CSE simultaneously. This allowed for the rapid detection of the optimal CSE concentration (12.25%) for cell stimulation, greatly reducing the workload and time commitment required of traditional techniques. Chip B was created to observe cellular morphology and biological changes in the cells exposed to long-term CSE stimulation. The use of the central channel helped improve the CSE stimulation efficiency and prevented CSE from blocking the tube, leading to a successful experiment.

The experimental results in this study demonstrate several things. (1) The self-made smoke extraction and filtration equipment were successfully employed for stimulating cultured cells. There was a large difference between the different CSE concentrations in the human BE cells, as the high dose of CSE (≥19.86%) promoted cell apoptosis, while the low dose of CSE (≤12.28%) showed less apoptosis and continued cell growth (*P* \< 0.05). Therefore, it is reasonable to select 12.25% as the best concentration for CSE stimulation, which guarantees maximum stimulation, facilitates the accurate preparation of the solution, and reduces the difficulty of solution configuration. (2) Long-term exposure to CSE can cause 16HBE cell changes in morphology, cell polarity, contact inhibition of growth changes, and chromosome aberrations, suggesting that transformed cells are characteristic of malignant cells. (3) During continuous CSE exposure, the expression of SMO and GLI proteins in 16HBE cells increased significantly compared with those in the nonstimulation group, and their expression increased gradually with the prolonged CSE stimulation. However, the increase can be inhibited by the SMO inhibitor, cyclopamine. This suggested that HH signaling is upregulated in the lung inflammatory-cancer transformed cells. (4) Cyclopamine significantly decreased CSE-induced malignant transformation of 16HBE cells and tumorigenesis of the differentiated cells after subcutaneous inoculation into nude mice. The HHS may be an excellent biomarker for the development of new targeted therapies for the treatment of cancer and other related diseases.\[[@ref34]\]

Compared to the traditional cell culture systems, the microfluidic chip technology combines a continuous biological culture and dynamic biomolecule detection platform, which can achieve efficient, accurate, and reliable monitoring of multiple variables using a single chip. In addition, the microfluidic chip technology is highly convenient and cost-effective.\[[@ref31][@ref32]\] In this study, the microfluidic chip provided an ideal platform for rapidly screening different concentrations of CSE, and made it possible to monitor the malignant transformation of human bronchial epithelial cells. In summary, our results suggest that the HH signaling activity is increased during the CSE-induced malignant transformation of human bronchial epithelial cells. Cyclopamine can effectively depress the expression of the HHS proteins and inhibit tumor formation when the transformed cells are inoculated into nude mice.
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